Abstract: Backscattering photoelectron hologram (BPH) originating from direct and backwardrescattering electrons encodes important structural information and ultrafast dynamics of the underlying processes. However, the BPH is usually overshadowed by other interference structures in the photoelectrons momentum spectra, preventing a direct extraction of information using BPH. Here we theoretically demonstrate disentanglement of the BPH from other types of interference with the orthogonal two-color field, where a weak orthogonal component is used to streak the BPH. By carefully adjusting the relative phase of the two-color field, the BPH is effectively separated from other interferences in the photoelectron momentum spectra and thus the BPH is unambiguously identified. This takes a significant step to time-resolved imaging of the attosecond dynamics with strong-field photoelectron holography. 
Introduction
When an atom or molecule is exposed to a strong laser field, an electron wave packet can be ionized through tunneling. The ionized electron wave packet may be driven back to parent ion, result in various phenomena such as high harmonic generation [1, 2] , elastic scattering [3, 4] , inner-shell electron exciation [5, 6] and nonsequential double ionization [7] [8] [9] [10] . The laser-induced rescattering or recombination accesses the richness of electronic structural and dynamical information of the target [11, 12] . Many approaches relied on the laser-driven electron rescattering have been proposed to follow the electron dynamics and detect target structures in a time-resolved manner, such as high-harmonic spectroscopy [13] [14] [15] [16] [17] [18] [19] , photoionization and photoelectron spectroscopy [20] [21] [22] [23] [24] [25] [26] [27] . Among them, one fascinating way is strong field photoelectron holography [28, 29] . By analogy to the conventional optical holography [30] , the strong field holography is recognized as the interference of tunneling electron wave packets drifting directly to the detector (reference wave) and those undergoing rescattering by the parent ion (signal wave). The first experimental demonstration of strong field holography was performed by Huismans et al, where a "spider-like" interference structure was identified in photoelectron momentum distribution (PMD) of xenon [28] and then observed for other atoms [31] and molecules [32] . Theoretical analysis has shown that the spider-like structure is a kind of forward-scattering photoelectron hologram (FPH) [28, 33] . It is the near-forward rescattering electrons that record the structure information of the target. For this near-forward rescattering process, the electrons do not catch much information about the core because of the very soft recollision with the core. In order to gain more information of the target, one can use the hologram from the direct and backwardrescattering electrons, i.e., the backscattering photoelectron hologram (BPH) [34] . However, the BPH is usually very difficult to be identified in the experiment. The reasons come from two folds. Firstly, in linearly-polarized laser fields, a train of several electron wave packets released at different ionization times can interfere with each other within one pulse. One kind of interference is convoluted and overlapped with several other interference events. The intracycle interference pattern between direct electrons liberated from adjacent quarter cycles of the laser pulse has a very similar structure with BPH. Both the number and width of the interference stripes as well as the spacing between the stripes are similar. So it is very hard to distinguish the BPH from the intracycle interference [33, 35] . Secondly, due to the small scattering cross sections of atoms, the signal of backward-rescattering electrons is very weak and the BPH is nearly impossible to be resolved in the PMD. Recently, Haertelt et al experimentally measured the BPH using differential holography technique for H 2 with different alignments [36] . However, how to determine BPH and directly observe it remain to be great challenges.
In this paper, we propose a method to identify BPH using an orthogonal two-color (OTC) control scheme. By introducing a weak orthogonal streaking laser field at long wavelength, i.e., in mid-infrared region, we show that the multiple tunneling electron wave packets as well as the recollision process of the returning electron wave packets can be precisely controlled by tuning the relatively phase of the two frequency components. At some relative phases, the signal of backscattering electrons is comparable with that of the direct electrons, providing favorable conditions for observing BPH. At the same time, the intracycle interference is suppressed and it is streaked to different areas with BPH in the PMD. Thus the BPH can be unambiguously revealed. Our results are confirmed by numerical solutions of the corresponding full-dimensional time-dependent Schrödinger equation (TDSE), suggesting a promising way in studying structural information and dynamic processes using photoelectron holography.
Results and discussions
Firstly, we illustrate the obstacles that prevent us from observing the BPH in a linearly-polarized laser pulse in detail within the framework of the strong-field approximation (SFA) model [2, 37] . Figures 1(a) and 1(b) show the intracycle interference pattern between direct electrons [38] [39] [40] . The formation of this intracycle interference can be understood as follows: it arises from two electron wave packets liberated at adjacent half cycles, where the electric fields have opposite values (see the upper row) while the vector potentials are the same. As shown in the middle row, the two electron wave packets firstly tunnel from the opposite side of the parent ion and finally achieve the same drift momentum. One electron wave packet goes directly to the detector and the other reverses its motion and goes across the core without being rescattered. The induced intracycle interference pattern manifest itself as a set of incoming semirings (i.e., with a rightward curvature) in the positive momentum region (p x > 0) as displayed in the bottom panel of Fig. 1(b) . Note that we present here the interference pattern between electrons ionized at [0T, 0.5T] and [0.5T, 1T]. Actually, electrons released at [0.5T, 1T] and [1T, 1.5T] can also interfere. The shape of the interference pattern is the same, but with an opposite curvature. Figures 1(c) and 1(d) present the FPH and BPH, respectively. The FPH originates from electrons ionized at adjacent quarter cycles. The electron released at the falling edge of the electric field serves as the signal wave, marked as A in Fig. 1(c) . It moves across the core and is rescattered forward, and then interferes with the reference wave marked as B. This kind of FPH is a set of outgoing semirings in the negative momentum region (p x < 0). We would like to point out that the FPH presented here is another kind of FPH with different ionization times for signal and reference electrons, which is different from the spider-like hologram (not shown). Similarly, the BPH arises from electrons ionized at instants with a quarter-cycle interval, shown in Fig. 1(d) . The signal electron (marked as A) is backscattered, interfering with reference electron which goes across the core without being rescattered. The BPH appears in the positive momentum space as incoming fringes. Comparing with Fig. 1(b) , it is easy to find that the BPH is very similar with intracycle interference. The fringes have the same curvature; the number and shape of the fringes are similar; the width of the fringes as well as the space between them increases as the increase of the parallel momentum p x . So it is not easy to distinguish the BPH from intracycle interference in PMD using linearly-polarized laser fields. Moreover, the signal of backward-rescattering electrons is much weaker than the interfering direct electrons, making the BPH have a very low contrast and nearly invisible in PMD. Thus even if one observes semiring structures similar as BPH in PMD, it is most likely the intracycle interference rather than the BPH. In the following, we analyze the changes of intracycle interference and hologram in orthogonal two-color laser fields. The OTC fields are composed of an 800-nm fundamental field polarized along x direction with intensity of 1.0 × 10 14 W/cm 2 and a weaker 1600-nm field polarized along y direction with intensity of 2.5 × 10 13 W/cm 2 . The time-dependent electric field E(t) of the OTC fields is defined as
Here, f (t) is the pulse envelope which has a sin 2 (πt/τ) form. The total duration τ is 8T (T is the optical cycle of the 800-nm pulse). ω = 0.057 a.u. is the angular frequency of the 800-nm pulse and φ is the relative phase between the two components. Since the 1600-nm field is relatively weak, the tunneling of the electron wave packets is mainly induced by the 800-nm field. The 1600-nm pulse only streaks the electron in the orthogonal direction. We use the generalized SFA model to analyze the holograms and other interference patterns in OTC fields [41] . This is done by the application of saddle-point method to the standard S-matrix expressions in the SFA [42, 43] . The corresponding transition amplitudes of direct and rescattering electrons are expressed as
and respectively. In the above equations, Ψ 0 is the initial wave function. A(t) = − t 0 dt E(t ) is the vector potential of the OTC fields. p is the final asymptotic momentum. t is is the ionization time of direct electrons. t is , t rs and k s are the ionization time, rescattering time and the drift momentum of rescattering electrons. S i and S r are the semiclassical actions of direct and rescattering electrons. q j ( j = 1, 2, ...5) runs over t is , t rs and the three components of k s . The explicit form of Eq. (3) depends on the potential V (r). For backscattering electrons, the Coulomb form of the potential will lead to the well-known divergence [44] . However, this does not affect the shape of the electron spectra. Here, we focus on the interference of the electron wave packet, which is mainly determined by the exponential terms of the transition amplitudes. Thus the pre-exponential terms is omitted for simplicity. Figure 2 (a) shows electric field of the 800-nm pulse (blue curve) and the vector potential of the 1600-nm pulse (green curve) for the relative phase φ = 0.25π. We take the interference of two electron wave packets ionized within [3.75T, 4.25T] and [4.25T, 4.75T] as the example. For φ = 0.25π, these two electron wave packets experience the same vector potential of the 1600-nm pulse, as indicated by the green arrows. In this case, the momentum distributions of these direct electrons are identical, as presented in Figs. 2(b) and 2(c) . As a result, they are indistinguishable in the final momentum distribution, satisfying the interference conditions. Since these two electron wave packets are ionized in the same optical cycle, the interference between them is the intracycle interference, as exhibited in Fig. 2(d) . One can find that the intracycle interference pattern is only streaked in the y direction, with an overall shape similar with that in the linearly-polarized field. It is worth mentioning that different from the case of It should be mentioned that the number of rescattering quantum orbits is increased in a twodimensional laser field [45] . These quantum orbits are well classified and clearly analyzed in [46] . Here since the intensity of the 1600-nm orthogonal component is much lower than that of the main 800-nm component, we only consider one main rescattering quantum orbit at [4.0T, 4.25T]. The resulting holographic interference pattern with reference electron is shown in Fig. 2(g) . The interference fringes in the positive momentum space (p x > 0) are FPH, and those in the negative momentum space (p x < 0) are BPH. Due to the streaking of 1600-nm pulse, the hologram is also streaked in the transverse direction. Thus in the final momentum-resolved electron spectra, the BPH are still overlapped with the intracycle interference. However, compared with intracycle interference structure in Fig. 2(d) , the curvature of the BPH fringes is left-downward, which is opposite to that of intracycle interference fringes. Therefore the BPH and intracycle interference become distinguishable.
Although the BPH can be distinguished from intracycle interference for φ = 0.25π, they are overlapped with each other, and because the signal of backscattering electrons is very weak, it is still difficult to identify BPH with good resolution. Below we change the relative phase of the OTC laser fields to 0 and analyze the change of interference patterns. Figure 3 Fig. 3(a) . Only in the region around t = 4.25T are the vector potentials close. Thus considering the initial transverse momentum distribution, only electrons tunnel around t = 4.25T can overlap in momentum space and interfere . with each other. The intracycle interference is presented in Fig. 3(d) . One can clearly find that electrons with momenta around p y = 0.5 a.u. are overlapped. Thus the intracycle interference only appears around in this momentum region, and it is highly suppressed. Next we focus on the change of BPH for the case of φ = 0. Still signal electrons ionized at [4.0T, 4.25T] and reference electrons ionized at [4.25T, 4 .75T] are considered, as indicated in Fig. 3(e) . In comparison with Fig. 2(e) , the signal electrons experience different force of the 1600-nm field, as shown by the green curve. Thus the signal electrons, especially the backscattering electrons, change the momentum, leading to different momentum distributions of the final states, as shown in Fig. 3(f) . In this way, the hologram exhibits different features shown in Fig.  3(g) . Again the interference fringes in the positive momentum space (p x > 0) are FPH, and those in the negative momentum space (p x < 0) are BPH. The main feature of the hologram is the fringes mostly distribute in the region p y ∈ [0.5, 1.2] a.u., where the intracycle interference is nearly switched off, result in the separation of the BPH and intracycle interference in final momentum-resolved electron spectra. based on above findings, we show that using the OTC field with relative phase φ = 0 is an very effective way to identify BPH based on the results of SFA.
In order to confirm the prediction of SFA results, we explicitly solve the full-dimensional TDSE for hydrogen using the t-SURFF method [47] [48] [49] . The t-SURFF method combines exact numerical solutions in an inner region with approximate analytical Volkov solutions in the outer region. The boundary of the inner region is r max = 100 a.u. and the maximum angular momentum is L max = 100. The step size of the radial grid is chosen as δr = 0.2 a.u. and the time step is δt = 0.0375 a.u. Convergence is checked by varying the radial grid step δr down to 0.1 a.u. and time step δt down to 0.01 a.u. Laser parameters are the same as in SFA calculations. In Figs. 4(a) and 4(b) , we present the real OTC fields (red curves) together with the two components (blue and green curves) for φ = 0.25π and φ = 0, respectively. This may help the readers to get an intuitive impression of what the OTC fields look like for different relative phases. The 2D PMDs in the polarization plane obtained from the TDSE calculations for different relative phases are displayed in Figs. 4(c) and 4(d) , respectively. Figure 4 (c) exhibits the PMD for φ = 0.25π. There are rich interference structures in the PMD. In general, three interference stripes can be identified, as marked by A, B and C. The interference stripes in region A are the general spider-like FPH induced by signal and reference electrons ionized within the same quarter cycle. The second interference pattern in region B is the intracycle interference manifesting itself as nearly vertical stripes. Note that the intracycle interference appears in both the first and second quadrants of the PMD. In region B we only show a few obvious stripes. The third one in region C is the BPH, which is aimed to be identified. As can be seen, the most conspicuous interference pattern in region C is still the intracycle interference. Comparing with Fig. 2(g) , the BPH pattern is so weak that nearly impossible to be resolved. The reason is that the BPH and the intracycle interference are overlapped for the case of φ = 0.25π. Although the structure of BPH is different from the intracycle interference, the signal of rescattering electron is too weak in comparison with direct electrons, making the BPH hard to be resolved in the PMD. This point is also predicted by the SFA calculations. In Fig. 4(d) , the PMD obtained from TDSE calculations with relative phase of φ = 0 is shown. In region E of p y ∈ [0.5, 1.2] a.u. marked by white box, it can be seen that the BPH structure is very well revealed, in consistent with the SFA results in Fig. 3(g) . In comparison, the intracycle interference, manifesting itself as nearly vertical fringes, is localized in region D of p y < 0.5 a.u. While it is nearly invisible in region E where the BPH dominates. This also confirms that the BPH and intracycle interference are separated for φ = 0. The second reason why the BPH is well resolved in high transverse momentum region can be attributed to the fact that the ionization probability of electrons obeys a Gaussian distribution with respect to the initial transverse momentum. In large transverse momentum region where the BPH appears, the ionization probability of reference electron is relatively low. So the signals of backscattering and direct electrons become comparable, providing another advantage to observe the BPH. Therefore, the BPH is clearly identified for the case of φ = 0.
During laser-induced electron scattering process, the long-range Coulomb potential dominates and contributes most to cross sections of forward scattering electrons, thus the shortrange detailed atomic and molecular structures are barely reflected in FPH. In contrast, the BPH is more sensitive to the short-range effects and thus records more structural information. In a linearly-polarized laser field, the backscattering hologram is usually buried below other orders-of-magnitude more intense channels such as FPH and intracycle interference. Using a weak streaking field at long wavelength and tuning the relative phase, we successfully reveal the backscattering hologram in the PMD, as presented in Fig. 4(d) . Theory of extracting structural information of atoms and molecules from FPH is recently established in [50] , and can be directly extended to analyze the backscattering hologram in the present case. In addition, the signal and reference waves are born from different quarter cycles. Using the SFA model, the birth time of backscattering holographic fringes can be precisely determined within dozens of attoseconds. Thus the BPH can probe attosecond dynamical electronic process.
Before closing, we would like to add a few remarks about the concept of strong-field photoelectron holography. The term "holography" with respect to the interference of direct and rescattering electrons was first introduced in [28] . The so-called holographic pattern observed in [28] has already attracted much interest as a new promising means to provide time-resolved imaging of ultrafast processes. In the recently developed adiabatic theory [51], the ionization amplitude can be separated into adiabatic (direct) and rescattering parts. These two parts appear in the different orders of the adiabatic parameter, and hence are well defined and well separated. Note that this is a rigorous statement as proved in [51] . In the strong-field photoelectron holography, the adiabatic and rescattering parts of the ionization amplitude act as the reference and signal waves in optical holography, respectively. It is shown in [50] that the signal wave bears structure information, i.e., the phase of the scattering amplitude, while the reference wave does not. Thus the PMD can be viewed as a kind of hologram encoding the structural information. Theoretical procedure has been developed to extract this structure information [50] from FPH. An alternative way to extract the phase of scattering amplitude has been introduced in [52], using the low-frequency approximation. This is done by rewriting the rescattering amplitude beyond the first Born approximation, i.e., by replacing the outgoing plane wave with the exact scattering wave in Eq. (3). The purpose of the present paper is identifying BPH, which is much harder than observing FPH. Extracting the phase of the scattering amplitude from the hologram using a more delicate theory beyond the first Born approximation is the goal of our future research.
Conclusion
In summary, we present a novel approach to reveal backscattering photoelectron hologram using OTC fields. The weak streaking field at long wavelength acts as an electron steerer, which effectively separates different interferogram in both temporal and spatial domains. As a result, the previously unobserved BPH is unambiguously identified in PMD. The BPH not only provides deep insight into the subcycle dynamics in the strong-field ionization process [36], but also serves as a sensitive probe of the target structure [34, 50, 53] . Our results have demonstrated the ability of disentangling the interference structures and revealing BPH with sculpturing laser pulse, which will benefit time-resolved imaging of the ultrafast dynamics with photoelectron interferometry.
